Abstract-With the fast proliferation of low-cost and low-power devices, numerous consumer electronic devices have been deployed to create consumer home automation networks (CHANs). In order to improve the quality of service of CHANs, the cognitive radio sensor network (CRSN) has been proposed as a paradigm that utilizes cognitive radio techniques to circumvent the severe interference over the 2.4-GHz band. This article proposes an adaptive preamble sampling based MAC (APS-MAC) protocol, which supports opportunistic spectrum access while addressing the energy conservation in CRSN. A key aspect of APS-MAC is preamble sampling for supporting duty cycling in CRSN. With preamble sampling, each cognitive sensor independently selects its sleep/wakeup schedule, which enables cognitive sensors to be in the sleep mode most of the time. Another feature of APS-MAC is the adaptive spectrum sensing scheme, which allows each cognitive sensor to dynamically adjust its spectrum sensing duration according to transmission outcomes. Because of the self-organizing nature, APS-MAC does not rely on the existence of a common control channel, which is extremely appealing to CRSN. Extensive simulations are performed to validate the performance of APS-MAC.
I. INTRODUCTION
Wireless sensor networks (WSNs) have become an attractive research topic in consumer home automation networks (CHANs) [1] , [2] , where consumer electronic products or home appliances are managed by WSNs. Conventional WSNs operate on the free 2.4 GHz industrial, scientific and medical (ISM) band. Due to the increasing demand of wireless technologies, the spectrum congestion problem over the 2.4 GHz ISM band becomes paramount. It has been quite challenging for WSNs to guarantee a high level of quality of service. Cognitive radios (CRs) are considered as a promising technology to solve the spectrum congestion problem [3] . Cognitive radio sensor networks (CRSNs) which integrate CR and WSNs [4] - [8] can be particularly used in CHANs which have recently been considered as an opportunity to realize reliable and low-cost remote monitoring systems for smart home grids [9] - [11] .
In order to properly work on licensed bands, CRSNs have to perform spectrum sensing, and to design access schemes which produce strictly limited interference to primary users (PUs). On the other hand, CRSNs inherit the fundamental limitations of traditional WSNs [4] - [8] which suffer constraints in energy resources and low-cost hardware. Among numerous research branches in CRSNs, the MAC protocol design is crucial, because of its critical influence on the transceiver which is the most energy-consuming part of a cognitive sensor (CS). To sum up, the MAC design of CRSNs has to arbitrate the opportunistic spectrum access of CSs to the licensed bands in an energy-efficient way, while guaranteeing the priority access of PUs [12] - [17] .
Motivated by the above discussion, this article proposes an adaptive preamble sampling based MAC (APS-MAC) protocol for CRSNs.
APS-MAC mainly reduces the energy consumption of CRSNs from four aspects: sensing duration, packet collision, idle listening and overhearing. To this end, APS-MAC combines preamble sampling and a duty cycle scheme with adaptive spectrum sensing. Simulation results show that the APS-MAC presents a desirable network performance.
The features of APS-MAC can be summarized as follows. 1) First, with preamble sampling, each CS receiver is in the sleep mode for most of the time, which significantly reduces the energy consumption in idle listening and overhearing. 2) Second, each CS transmitter dynamically adjusts its spectrum sensing duration (a multiplicative increase and linear decrease rule is adopted in this paper) according to the previous transmission outcome. 3) Finally, APS-MAC does not require a network-wide common control channel (CCC) for control signaling, which makes the APS-MAC extremely appealing to typical CRSNs.
II. SYSTEM MODEL
Consider a CRSN which consists of M wireless links M : = {1, 2, . . . , M} and is located in the same area with a primary network. Each wireless link defines one CS pair, i.e., a CS transmitter (CS-TX) and a CS receiver (CS-RX). A quasi-static fading licensed channel is assumed and the packet transmission of each link over the licensed channel will succeed when collisions do not happen. Each CS is equipped with a half-duplex CR transceiver, i.e., all CSs can only transmit or receive packets on the licensed band at one time. The local clocks at different CSs may be different. In the following paper, distinct working flows for the CS-TX and the CS-RX will be defined, respectively.
The time of each CS-TX is divided in frames with equal length T. As shown in Fig. 1(a) , every frame of one CS-TX consists of three phases: the sensing phase, the spectrum access phase and the sleep phase. In order to protect PUs, each CS-TX is required to perform spectrum sensing at the beginning of each frame. Unlike existing works, the sensing duration for each CS-TX, say, T
, is adaptive and not required equal. Seeking for a lightweight ad hoc networking, each CS-TX makes independent channel access decisions. In doing so, the assumption on the network-wide CCC by existing works can be removed in this paper. If the sensing result of CS-TX i indicates an idle channel, then it will compete to access the channel in the spectrum access phase and otherwise turn off its transceiver (go to the sleep phase directly) until next frame. Notice that T 
Each CS-RX also operates on a frame-by-frame basis. Let T R X denote the frame duration of a CS-RX. Fig. 1 (b) presents the frame structure of one CS-RX, which also consists of three phases: the preamble sampling phase, the receiving data phase and the sleep phase. At the beginning of each frame, the CS-RX performs preamble sampling. If the CS-RX receives preambles which are destined for it, it will start the receiving data phase and receive data from its dedicated CS-TX; otherwise, it will turn off the transceiver until next frame. The details of Fig. 1 will be given in Section III.
III. APS-MAC DESIGN
In CHANs, data packets can be generated for some online monitoring or control applications. Therefore, each source CS periodically generates packets to the sink or gateway. With the aim of reducing energy consumption, APS-MAC integrates preamble sampling with the duty-cycling scheme to avoid ideal listening and overhearing, and proposes to adaptively update the sensing time and duty cycle according to the transmission outcomes of the spectrum access phase.
A. Adaptive Spectrum Sensing
Energy detection is the most suitable spectrum sensing technique for CRSN because of its simplicity of hardware implementation and low signal processing cost. Without loss of generality, each CS-TX adopts energy detection as the spectrum sensing technique. Spectrum sensing can be characterized by the probabilities of false alarm and detection, denoted as P
d , respectively. Assuming that the primal signal is an independent and identically distributed complex PSK modulated signal with zero mean and σ 2 u variance and the noise at each CS-TX is a circular symmetric complex Gaussian signal with zero mean and σ 2 variance, both of which are independent of each other, we according to [3] obtain P (i) f and P (i) d as follows:
and
where
2 ) are the energy detection threshold and the signal to noise ratio of PU signals at CS-TX i, respectively. h i denotes the channel gain between CS-TX i and the PU. f s denotes the sampling frequency of CS-TX i.
It is clearly shown from (1) and (2) that the sensing performance uniquely depends on the sensing time T
gives higher confidence to the PU detection decision but, at the same time, results in an increased energy consumption, which is against the fundamental concern of a MAC protocol for CRSNs. It is, therefore, imperative to devise an efficient sensing strategy that protects PU sufficiently with minimum energy consumption.
APS-MAC employs an adaptive spectrum sensing algorithm where the spectrum sensing period dynamically varies between fast sensing and fine sensing. In fast sensing, T (i) s is short to reduce the energy consumption on spectrum sensing but the sensing results are less reliable. Fine sensing uses a long sensing period to increase P
but incurs dramatic increase of energy consumption. Let ρ denote the sensing time unit. Each CS-TX i performs sensing for a duration of an integer multiple k i of ρ( z ≤ k i ≤ẑ) independently, where z andẑ are specified lower bound and upper bound for k i , respectively. Obviously, fast sensing and fine sensing correspond to the case of k i = z and k i =ẑ, respectively. The value of k i varies between fine sensing and fast sensing. Without loss of generality, CS-TX i initially sets its spectrum sensing period toẑρ/2, i.e., k i (0) =ẑ/2. The multiplicative increase and linear decrease rule is adopted by the APS-MAC to adjust k i . For each successful transmission, k i decreases linearly until the lower bound z, i.e.,
where w f a is the constant deduction which characterizes the speed of convergence to fast sensing. In case of each transmission failure, k i increases multiplicatively until the upper boundẑ, i.e.,
where w f i is the scaling coefficient which characterizes the speed of convergence to fine sensing.
B. Preamble Sampling
Preamble sampling is the key aspect of APS-MAC to achieve duty cycling. In preamble sampling approach, each CS-RX selects its sleep/wakeup schedule independently of other CSs. Since the CSs are not synchronized, the legitimate CS-RX may be in sleep mode when a CS-TX wants to transmit data to it. To avoid deafness of the legitimate CS-RX, the CS-TX transmits a series of short preambles before the data packet on the licensed band. The information (such as identity and destination address) of the legitimate CR-RX is encoded in each short preamble. As a result, the unintended CS-RXs will return to sleep as soon as they decode the first received short preamble. This paper follows X-MAC [18] , [19] and inserts small pauses between the series of short preambles, during which the CS-TX pauses to listen to the medium. These gaps enable the legitimate CS-RX to send an early acknowledgment (ACK) packet back to the CS-TX, which indicates the CS-TX that its legitimate CS-RX is ready for receiving data. In order to ensure that the preambles of CS-TX can always be heard by its legitimate CS-RX, T R X is set larger than T p , where T p denotes the preamble phase duration of CS-TXs.
C. Protocol Operation
Each loaded CS-TX starts the frame by local spectrum sensing based on energy detection. If the sensing result of CS-TX i indicates the absence of PUs, its APS-MAC commences the data transmission phase; otherwise, CS-TX i returns to sleep. In order to mitigate collisions with other CS-TXs, CS-TX i will defer its transmission for a random time period i , which is uniformly distributed in [0, f (q i )] ms, where f (q i ) denotes a monotonic decreasing backoff function of the data queue length q i of CS-TX i. When the time duration i expires, CS-TX i then performs the carrier sensing to check whether the licensed channel is occupied by other CS-TXs. If the carrier sensing result indicates an idle channel, CS-TX i transmits a series of short preambles, each of which includes the target address information of its intended CS-RX, say CS-RX i. Otherwise, CS-TX i returns to sleep.
Each CS-RX periodically listens to the medium. CS-RX i decodes the received short preamble and sends an ACK to notify CS-TX i that it is ready for receiving data. Subsequently, CS-TX i transmits packet to CS-RX i, updates k i (t) according to (3) and finally goes back to sleep. CS-RX i receives the data from CS-TX i and then returns to sleep. The unintended CS-RXs return to sleep for the purpose of reducing overhearing cost once they decode the first received short preamble. Fig. 2 presents a successful transmission of APS-MAC.
Due to the imperfect spectrum sensing, transmission collisions between CR-TXs and PUs may happen. In the case of collision, all the CR-RXs including CR-RX i and other overhearing CR-RXs cannot correctly decode the short preamble and further return to sleep. Since CR-TX i is unaware of the collision, it will complete the transmission of a series of short preambles and then wait for one more mini-slot for receiving the ACK. If the ACK is not received, then CR-TX i knows that the transmission failed due to collision. Subsequently, CR-TX i updates the k i (t) according to (4) and finally returns to sleep. Fig. 3 presents a failed transmission of APS-MAC.
Notice that, all CSs independently operate on the same licensed channel and their ways of avoiding and resolving collisions are all distributed. Therefore, the APS-MAC does not rely on the existence of a CCC, which renders APS-MAC extremely desirable for CHANs. 
IV. SIMULATIONS
This section presents simulation results for the proposed APS-MAC. All parameters in the simulations are summarized in Table I [4] , [17] , [18] . The simulations are conducted by OMNeT++ [20] . We simulate a moderate CRSN with 20 Poisson distributed CSs (M = 20): one sink and one PU transmitter. The simulated network topology is given in Fig. 4 , where circles denote CSs, the star denotes the sink, and the square denotes the PU transmitter. The whole CRSN lies in the coverage area of the PU transmitter. RPL [21] is employed at the network layer. The communication radius of each CS is 30 units. The traffic in CHANs is mainly M2M type which consists of periodic small packets including plant state or control sequence with fixed size.
As far as we know, CRB-MAC [17] is the unique CCC-free cognitive MAC protocol for CRSNs. Next, we will compare the proposed APS-MAC with CRB-MAC. For fair comparison, simulation results are generated based on the method of batch means with 100 independent simulation runs for the confidence level of 95%. We set each simulation duration as 200 s during which 10 3 packets from different CSs are generated. In order to reflect the heterogeneity of CSs, we simulate the scenario in which the traffics at different CSs are non-uniformly distributed. Fig. 5 (a) compares APS-MAC and CRB-MAC in the energy consumption metric that is measured as the energy summation of each CS. Specifically, we give the physical layer of CSs according to [17] . The sensing power, the receive power and the transmit power of CSs are set 70.69 mW, 65.83 mW, and 66.16 mW, respectively. Each short preamble includes 24 bits and each ACK includes 24 bits. All data packets are with the same pocket-size of 1k bits. All data packets are with the same length of 72 bits. Fig. 5(a) shows that APS-MAC significantly outperforms CRB-MAC, where the largest energy saving (3.8458 Joule) happens when Pr(H 1 ) = 0.1. This can be explained by the fact that each transmission of one CS in CRB-MAC requires the participation of many forwarders due to the broadcast nature of wireless channel, which is very energy consuming, especially when the PU is less active (e.g., Pr(H 1 ) < 0.4). Fig. 5(b) presents the comparison on the end-to-end throughput between APS-MAC and CRB-MAC. The metric is defined as the ratio of received bits by the sink to the simulation duration. Obviously, a large value of throughput implies the efficient use of the licensed channel. Again, APS-MAC has an obvious throughput improvement over CRB-MAC, with the largest throughput gain 1.5702 when Pr(H 1 ) = 0.5. The reason for this observation lies in the adaptive spectrum sensing and the short preamble, both of which help reduce the total transmission time of packets. Unlike Fig. 5(a), Fig. 5(b) shows that both APS-MAC and CRB-MAC are monotonic decreasing in Pr(H 1 ), which stems from the fact that large Pr(H 1 ) reduces the communication opportunities of CSs.
V. CONCLUSION
This paper has proposed an APS-MAC that supports opportunistic spectrum access while conserving energy in CRSNs. The novelty of APS-MAC lies in the combination of preamble sampling and a duty cycle scheme with adaptive spectrum sensing. With preamble sampling, each CS-RX independently selects its sleep/wakeup schedule, and with adaptive spectrum sensing, each CS-TX dynamically adjusts its spectrum sensing duration in order to save energy according to the transmission outcomes. 
